Vanadium is an oral insulin-mimetic agent that diminishes hyperglycemia, improves beta-cell insulin store and secretory function, and can reverse the diabetic state chronically after withdrawal from treatment. As food restriction has been reported to enhance insulin sensitivity and reduce insulin demand, we assessed the contribution of a reduced food intake to the glucose lowering and beta-cell protective effects of vanadium. Streptozotocin (STZ)-diabetic rats were untreated (D) or administered vanadyl sulfate in the drinking water (DT) at one week prior to and for 5 weeks following the administration of STZ. An additional group was pair-fed (DP) with an equal amount of food as that consumed by the DT group. Shortly after the induction of diabetes, hyperglycemic D rats demonstrated a significant rise in plasma insulin to levels that initially exceeded that of the controls. This was followed by a steady reduction over several weeks, suggesting a gradual depletion of functional beta-cells. Both vanadium treatment and pair-feeding abolished the insulin hypersecretory response following STZ administration. Glucose lowering was enhanced in DT animals when administered higher concentrations of vanadium, despite no further reduction in food intake, and all DT animals (10/10) were normoglycemic by 5 weeks. Mean pancreatic insulin content in DT rats was improved fourfold and was associated with a greater number of granulated beta-cells. Conversely, food restriction only modestly improved glycemia and the pancreatic insulin store and, unlike DT, DP rats remained highly glucoseintolerant. At 5 weeks of diabetes, fed circulating glucose and insulin levels were strongly correlated (P=0.0002) in the D and DP groups, supporting the notion that glucose lowering with food restriction is dependent on improved plasma insulin levels. A separate correlation was observed in DT animals within a lower range of plasma insulin, suggesting that vanadium, unlike food restriction, reduced plasma glucose by enhancing insulin sensitivity. Thus, vanadium preserves beta-cells in STZ-diabetes at least partially by abolishing the insulin hypersecretory response and the eventual exhaustion of residual insulin stores following a moderate dose of STZ. This property of vanadium would appear to be useful in the treatment of prediabetic and newly diagnosed insulin-dependent diabetes mellitus.
Introduction
Vanadium is a ubiquitous trace element demonstrated to have glucose-lowering properties and improve pancreatic insulin store and secretory function in streptozotocin (STZ)-diabetic rats (1) (2) (3) . Chronic vanadium treatment also reverses the diabetic state for up to 20 weeks after removal from treatment, a phenomenon associated with increased plasma insulin levels and an enhanced beta-cell mass (4, 5) . Consequently, we demonstrated that short-term treatment with vanadium prior to and for a short period (2 weeks) following the induction of STZ-diabetes eliminated hyperglycemia after withdrawal from treatment (6) . Chronic amelioration of the diabetic state in these animals was related to a small but significant increase in the pancreatic insulin store. We had hypothesized that perhaps the removal of hyperglycemia with vanadium treatment had prevented the functional and structural exhaustion of existing beta-cells.
An auxiliary effect of vanadium treatment in both control and diabetic rats is a significant reduction in food intake, suggested to be due to a specific anorexigenic stimulus in the central nervous system (7) . Previous studies have reported a similar reduction of hyperglycemia by vanadium treatment and pair-feeding in STZ-diabetic animals (8, 9) , hence complicating the interpretation of insulin-like properties of vanadium in vivo. In addition, like vanadium, food restriction in STZ-diabetic rats can reduce hyperglycemia and increase insulin sensitivity as measured by hyperinsulinemic clamp (10) . Chronic food restriction has also been demonstrated to enhance insulin-mediated glucose uptake and reduce insulin demand in control rats (11) (12) (13) . Furthermore, a significant improvement in insulin sensitivity and delayed progression of loss of endogenous insulin was observed in adult-onset insulindependent diabetes mellitus (IDDM) patients on a normal protein as opposed to a high protein diet (14) . Thus, it is plausible that a lowered food intake per se may contribute significantly to both the glucose lowering and beta-cell protective effects of vanadium. In the present study, we compared the effectiveness of chronic vanadium treatment or food restriction on the overall amelioration of the diabetic state. Vanadium treatment or pair-feeding was initiated 1 week prior to the STZ injection in order to acclimatize the animals and to stabilize the level of food intake during and immediately following the administration of STZ.
Materials and methods

Treatment and maintenance of animals
Male Wistar rats (170-200 g, 7-8 weeks old) were obtained from Charles River (St Constante, Quebec, Canada). The animals were maintained on standard laboratory chow and housed in individual wire-bottom cages. The rats were divided into the following groups: nondiabetic control (C, n=4), and untreated (D, n=10), vanadyl-treated (DT, n=10), and pair-fed (DP, n=10) diabetic groups. Vanadyl sulfate (0.75-1.00 mg/ml, Fisher Scientific Co., Fair Lawn, NJ, USA) was provided in the drinking water to the DT group for 7 days prior to STZ injection as described previously (5) . In addition, a pair-fed group was provided with the same amount of food as that consumed by the DT group. After 7 days of vanadium treatment or pair-feeding, STZ (55 mg/kg i.v., Sigma Chemical Co., St Louis, MO, USA) was administered to the diabetic rats, while the control group received vehicle (NaCl, 154 mmol/l, pH 7.2). Continuation of vanadium treatment (1 mg/ml) for 1 week after STZ resulted in normoglycemia in 1/10 DT rats. In an effort to increase the normoglycemic response in the DT group, the concentration of vanadium was gradually raised by increments of 0.25 mg/ml in all DT animals, to a maximum concentration of 1.75 mg/ml by 5 weeks. Plasma glucose, insulin, body weight, and daily food and fluid intake were monitored throughout the study. Food intake in DT animals was measured twice daily at 0900 h and 1800 h to account for nocturnal and daytime food consumption respectively. The average amount of food consumed was then given to the DP animals at 1800 h and 0900 h to mimic the feeding pattern of DT animals. To measure food intake accurately in the DT and DP groups, weighing trays were placed underneath the feed troughs to account for food that had not been consumed.
Animals were killed at 5 weeks post-STZ, and plasma obtained for measuring glucose and triglycerides (Boehringer Mannheim, Laval, Quebec, Canada). Insulin was measured by a radioimmunoassay (RIA) using rat insulin standards (Novo Research Institute, Copenhagen, Denmark), with inter-and intra-assay coefficients of variation of <10% and a sensitivity to 7 mU/ml (15) .
Oral glucose tolerance test (OGTT)
At 5 weeks after STZ, all rats were fasted for 16 h overnight (1800-0900 h). Pair-fed rats were not given their second daily ration of food at 1800 h, hence the last time food had been provided to DP animals prior to the OGTT was at 0900 h the previous day. The fasted animals were administered glucose (1 g/kg of a 40% glucose solution) by oral gavage. Blood samples (350 l) were collected from the nicked tail prior to (time 0) and at 10, 20, 30 and 60 min following the glucose dose. Plasma was stored frozen at ¹70 ЊC for measurement of insulin and glucose levels.
Pancreatic insulin
At time of death, pancreata were dissected, cleared of lymph nodes and fat, blotted and weighed. The pancreas was immediately homogenized in 5 ml cold 2 M acetic acid for 5 s, and boiled for 10 min. The extract was centrifuged at 15 000 r.p.m. for 10 min, and the resulting supernatant was frozen at ¹70 ЊC until further analysis of insulin.
Islet histology
A portion of pancreas was fixed in 2% formalin for 1-2 days, dried and embedded in paraffin. Sections were stained for granulated beta-cells by the modified aldehyde fuchsin method as previously described (16) and examined by light microscopy.
Vanadium levels
At termination, kidney, liver, muscle, bone, pancreas and plasma samples were analyzed for vanadium levels via atomic absorption using a method previously described (17) .
Statistical analysis
One-way analysis of variance (ANOVA) was used followed by the Newman-Keuls test. Data are expressed as meansϮS.E.M. P<0.05 was considered significant.
Results
Glycemia and food intake
Diabetic rats demonstrated a progressive rise in food intake that reached twofold that of control rats by 5
Glucose lowering and beta cell protective effects of vanadium and food restriction 547 weeks post-STZ (Fig. 1A) . Prior to STZ, vanadium treatment (1 mg/ml) reduced food intake to 80% of controls, and this remained unchanged both after the STZ injection and after the vanadium concentration was raised to a maximum of 1.75 mg/ml. However, at higher vanadium concentrations, animals that were previously unresponsive became normoglycemic, such that all (10/10) DT rats had normal plasma glucose by week 5 (Fig. 1B) . Approximately 1/3 of the total daily food intake in DT animals was consumed between 0900-1800 h and ϳ2/3 between 1800-0900 h, and hence pair-fed animals were provided with similar amounts of food during these time intervals. However, unlike the DT animals, pair-fed rats would rapidly consume their entire food ration within the first hour, and hence were fasted for extended periods on a daily basis -from 1100-1800 h (7 h) and from 1900-0900 h (14 h). As blood was routinely collected at 0900-1000 h, plasma glucose and insulin were effectively 14-h fasted values in the pair-fed animals that, nevertheless, remained hyperglycemic. Thus, although mean plasma glucose in the DP group was significantly reduced at week 5, none of these animals developed normoglycemia.
Prior to STZ, vanadium treatment and food restriction for one week reduced body weight gain to the same extent (data not shown). However, at 5 weeks after the induction of diabetes, pair-fed animals had a more pronounced reduction in weight gain relative to the DT group (body weight: DP, 246Ϯ8 g vs DT, 284Ϯ9 g, P<0.05). Plasma triglyceride levels were also significantly reduced in the DP animals (0.44Ϯ 0.05 mmol/l) relative to all other groups (C, 1.20Ϯ 0.19; D, 1.37Ϯ0.32; DT, 1.25Ϯ0.15 mmol/l).
Oral glucose tolerance test
After 16 h of fasting, mean glycemia in DT animals was not significantly different from controls ( Fig. 2A) . In contrast, and despite having been fasted for >22 h, DP rats had relatively high basal glucose (ϳ12 mmol/l) that was not different from the untreated diabetic group. Vanadium-treated rats showed an improved glucose response, with a return to control levels by 60 min, whereas pair-fed rats continued to demonstrate marked glucose intolerance, similar to the D group. The insulin secretory response in all diabetic groups was markedly reduced relative to control (Fig. 2B ). Although no changes over basal insulin were observed in the DP and D groups, DT rats demonstrated a significant peak in insulin (over basal) in response to glucose that returned to basal as glucose levels dropped (Fig. 2B, inset) .
Plasma insulin
Initial plasma insulin levels were similar between control and diabetic animals taken prior to the STZ injection (Fig. 3A) . In control rats, plasma insulin was found to increase steadily over 5 weeks, paralleling weight gain (ϳ200 g) over the same time period. Interestingly, plasma insulin in D animals gradually rose to levels that exceeded that of control animals for 2 weeks following STZ, but subsequently dropped to 50% of controls by 5 weeks. Prior to the induction of diabetes, plasma insulin was significantly reduced by one week of vanadium treatment but not by pair-feeding. However, both vanadium treatment and pair-feeding abolished the temporal rise in plasma insulin following STZ, and vanadium treatment lowered it to a greater extent than pair-feeding on day 3. Plasma insulin and glucose values (averaged over 4 readings during the final 2 weeks of the study) were strongly correlated (r¼ ¹0.74, P¼0.0002) in the D and DP groups, but this correlation excluded the DT animals which had both low plasma glucose and insulin levels (Fig. 3B) . Nevertheless, the DT group demonstrated a distinct correlation between plasma glucose and insulin levels over a narrower range (r¼ ¹0.68, P¼0.03) (enhanced Y-axis scale, inset). No similar correlation was observed in the control group.
Variable response to vanadium treatment
As we reported previously (4), some diabetic animals became normoglycemic at relatively low vanadium concentrations (DT-LC, 1.00-1.25 mg/ml, n¼4) whereas others required higher levels (DT-HC, 1.50-1.75 mg/ml, n¼6) to achieve normoglycemia (Fig. 4A) . Although plasma glucose levels in the DT-HC subgroup were significantly higher than the DT-LC subgroup for 4 weeks after STZ, plasma insulin levels were equally low over the entire treatment duration in both DT subgroups (Fig. 4B) . Although the same concentrations were provided to all DT animals regardless of response, the calculated dose per body weight was significantly greater in the DT-HC subgroup until week 4 because of the higher fluid intake in these animals (Fig. 4C) . Fluid intake subsequently dropped as the DT-HC animals gradually responded to treatment. At time of death, vanadium levels (nmol/ml or nmol/g) in DT animals were: plasma, 7.8Ϯ1.0; liver, 30.6Ϯ3.7; muscle, 4.5Ϯ0.2; pancreas, 8.0Ϯ1.0; bone, 415.0Ϯ40.4; kidney, 129.4Ϯ6.9. These levels are similar to previously reported values in diabetic rats after one year of vanadium treatment (18) . Vanadium levels were not statistically different between the DT-HC and DT-LC subgroups at 5 weeks.
Pancreatic insulin content and islet histology
Total pancreatic insulin content was dramatically reduced to <15% of controls (1.6Ϯ0.1 mU/g) in all diabetic rats at 5 weeks after STZ. However, relative to D, the residual insulin store was higher in DT and DP groups by ϳ4-and 2-fold respectively (Fig. 5A) . Within the DT group, those animals that had required low concentrations of vanadium to achieve normoglycemia (DT-LC subgroup) had a residual insulin content that was consistently greater than the DT-HC subgroup that had required higher concentrations of vanadium to achieve normoglycemia. There was a strong correlation between residual insulin store and fed glycemia in the D group (r¼ ¹0.93, P¼0.0003) (Fig. 5B) , which was similar to our previous observations in untreated diabetic rats (6) . DP animals also demonstrated a strong correlation (r¼ ¹0.88, P¼0.0007) that was distinct from D, whereas no correlation was found in DT animals. The level of pancreatic insulin store found within the DT-LC subgroup (>150 mU/g) is sufficient for the maintenance of normoglycemia in the absence of vanadium (6) . Aldehyde-fuchsin staining revealed that the beta-cells in islets of control animals were well granulated (Fig. 6A) , whereas those from the untreated (Fig. 6B ) and pair-fed (Fig. 6D ) diabetic groups were degranulated. The vanadium-treated animals consistently showed a greater degree of beta-cell granulation relative to the other diabetic groups (Fig. 6C) .
Discussion
Pharmacological interventions that effectively stabilize a functional beta-cell mass at the onset of Type 1 diabetes have been shown to induce a chronic amelioration of the diabetic state (19) . In rats, pretreatment with exogenous insulin for 5 days offset the diabetogenic action of STZ by preserving 30% of the pancreatic insulin content, an effect attributed to a reduced activity of beta-cells at the time of STZ administration (20) . In contrast, increased metabolic activity by incubating at high glucose concentration enhanced susceptibility of beta-cells to STZ (21) . We have previously demonstrated that vanadium treatment can induce a chronic reversal of the diabetic state long after treatment is ceased, an effect linked to improvements in both pancreatic insulin store and secretory function (4, 5) . Consequently, we found that, whereas 1-week vanadium pretreatment did not prevent the onset of diabetes, continued treatment for 2 weeks after STZ effectively reversed the diabetic state in 50% of the animals (6). Thus, the protection of beta-cells by vanadium cannot be due to its effects at the time of STZ administration, but more likely depends on events following the induction of diabetes. In this respect, short-term insulin treatment following STZ in neonatal rats was also found to enhance the spontaneous remission of diabetes (22) . In humans, intensive insulin treatment for 2 weeks following recent-onset diabetes results in the preservation of residual beta cell function and insulin content for at least one year (23, 24) . This effect was attributed to a reduced insulin demand, as direct inhibition of insulin secretion by diazoxide also preserved beta cells in Type 1 diabetic patients (25) , and reduced the incidence of diabetes in spontaneously diabetic BB (26) and 90% pancreatectomized rats (27) .
In this study, untreated diabetic animals experienced a surge in circulating insulin levels for 2 weeks following STZ, indicating that residual, viable beta cells had maintained some insulin secretory function. A subsequent decline in insulin levels over several weeks suggests a gradual depletion of the residual insulin store that was <5% at 5 weeks. These observations are consistent with a study by Junod et al. who demonstrated that, following a moderate dose of STZ (55 mg/ kg), the residual insulin reserve was further depleted to <5% of control by 4 weeks (28). The high circulating insulin following STZ may have resulted from a sustained compensatory response of the remaining beta cells to the prevailing hyperglycemia. On the other hand, Leahy et al. (29) reported that 90% pancreatectomized rats had beta-cells that were intrinsically more sensitive to glucose and secreted insulin at 90% of their capacity, leading to a loss of glucoseinduced insulin secretion. Both vanadium treatment and food restriction effectively abolished the temporal insulin hypersecretory phase following STZ, and resulted in significantly improved insulin stores. Hence, it appears that vanadium and, to a lesser extent, food restriction may have preserved the residual beta-cell mass by preventing its gradual exhaustion.
Vanadium has been reported to reduce plasma insulin levels in animals that exhibit hyperinsulinemia such as obese fa/fa (30), spontaneously hypertensive (31) and fructose-hypertensive (32) rats. Notably, administration of vanadate to hyperinsulinemic ob/ob mice reduced plasma insulin levels, which led to a fourfold improvement in insulin stores by 7 weeks (33) . In this study, the apparent inhibition of insulin secretion by vanadium was not secondary to its glucose lowering effect as both DT-LC and DT-HC animals experienced a similar reduction in circulating insulin despite markedly different levels of glycemia. This suggests that vanadium can exert a direct inhibitory effect on insulin secretion in pancreatic beta-cells. High concentrations of vanadium (0.1-1 mmol/l) in vitro have been shown to stimulate insulin secretion from rat islets (34, 35) . However, inhibition of glucose-stimulated insulin release was demonstrated at vanadium levels (<10 mmol/l) similar to those detected in plasma and pancreas both in this and in previous studies (36) . Aside from a sustained inhibitory effect on insulin release, it is also possible that normalization of glucose levels per se (for instance, by administering phlorizin) could reduce functional demand and result in the partial protection of beta-cells. Interestingly, several elements that were found to have glucose-lowering properties in STZ-diabetic rats, such as molybdenum, selenium and tungsten, were similarly shown to induce slight to significant increases in insulin store or glucose-stimulated insulin secretion (37) (38) (39) . Furthermore, tungsten increased the incorporation of [ 3 H]thymidine to islet cell lines, suggesting a direct trophic effect (39) . Whether vanadium or the other elements have direct positive effects on beta-cell function, either by enhancing beta-cell regeneration or by increasing insulin gene expression, requires further study.
The degree of beta-cell protection afforded by vanadium, to the extent that some treated animals experience a chronic reversal of the diabetic state, may depend on the relative number of beta cells that initially survived destruction by STZ. Thus, more severely diabetic animals that had required higher concentrations of vanadium to achieve normoglycemia were also more likely to revert to hyperglycemia once treatment was withdrawn, whereas those requiring relatively lower doses remained normoglycemic for 5 months after removal of vanadium (4) . In this regard, insulin treatment for 7 days following the administration of STZ normalized islet morphology and insulin secretory response and reversed the diabetic state for 3 months following moderate (50 mg/kg) but not high (60-70 mg/kg) doses of STZ (22) . Similarly, following a high STZ dose (75 mg/kg), hyperglycemia recurred in all animals after vanadium treatment was withdrawn (40) . It is notable in this study that the more responsive DT-LC animals were also ones that maintained a critical level of pancreatic insulin store (150 mU/g) previously found to support normoglycemia per se (6) , and hence can be predicted to remain normal had treatment been withdrawn. Although food restriction similarly reduced plasma insulin levels throughout the entire study, the relative improvement in residual insulin store in DP animals was still less than that resulting from vanadium treatment. It should be noted that blood was collected at a time when pair-fed animals had been without available food for at least 14 h, and that plasma insulin levels could have been consistently higher during the time of feeding. Additionally, plasma insulin in the DT group was significantly lower than the pair-fed group at 3 days after STZ. As the residual insulin store in DP rats remained well below the critical level required to support normoglycemia per se, it is likely that the moderate lowering of plasma glucose observed in some pair-fed animals would have been reversed had normal (food available ad libitum) feeding resumed.
Recent studies indicate that food restriction has no beneficial effect on hepatic glucose metabolism (38) or cardiac dysfunction (41) in STZ-diabetic rats. Moreover, as vanadium was demonstrated to have acute (within minutes) glucose lowering effects (42) , this would rule out the contribution of a reduced food intake to explain its hypoglycemic action. This study also confirms that the glucose lowering effects due to vanadium are separate from those of a reduced food intake (8, 9) . First, an enhanced glucose lowering response with higher vanadium doses did not accompany a further reduction in food intake. In addition, effects of a reduced food intake on glycemia were relatively modest compared with the dramatic reduction in response to vanadium treatment, and DP rats remained highly glucose-intolerant. Finally, unlike pair-fed and untreated diabetic rats that showed a strong correlation between glycemia and insulin (both plasma and pancreatic), normoglycemia induced by vanadium treatment did not necessitate an increased availability of insulin. Notably, 3 DT rats had pancreatic insulin content <60 mU/g, levels that did not support normoglycemia in either D or DP rats. This notion of a complementary action between vanadium and insulin is inherent in the observation that more severely diabetic animals, which had a lower residual pancreatic insulin content at 5 weeks, also required higher concentrations of vanadium to achieve normoglycemia. However, although the effectiveness of vanadium is initially dependent on the residual insulin stores, when administered at higher concentrations it can elicit normoglycemia even in animals with insulin stores as low as 2.5% of control. As beta-cell function in STZ-diabetes is very closely correlated with pancreatic insulin content and intercepts at zero (43) , it would mean that vanadium could continue to exert its glucose lowering effects even when pancreatic secretory function is severely diminished.
A possible explanation for the dramatic reduction in glucose levels by food restriction in previous studies (8, 9) was that sporadic feeding produced prolonged periods of starvation. Despite feeding these animals at two intervals per day, plasma glucose levels actually represented 14-h fasted values as DP rats consumed all their food within 1 h. In comparison, previous studies using a once-daily feeding schedule would probably have measured glucose levels following an even longer period of fasting. Indeed, in an earlier report by the same group, food-restricted diabetic rats rapidly consumed the available food (44) . Thus, as bleeding was routinely carried out at 0900 h, pair-fed diabetic rats were probably fasted for at least 22 h after having been fed at 0900 h the previous day (9) . Thus, the dramatic reduction in glycemia induced by food restriction in diabetic rats can arise from poorly controlled feeding which, in conjunction with the hyperphagic behavior of diabetic rats, results in prolonged fasting.
In summary, vanadium preserves beta-cells in STZdiabetes at least in part by preventing the beta-cell hypersecretory response and exhaustion of residual insulin stores following a moderate dose of STZ. In this way, short-term treatment with vanadium can reverse the diabetic state by preserving a small, albeit critical, amount of insulin store that adequately supports normoglycemia even after long-term withdrawal from treatment. This inhibitory effect of vanadium on insulin secretion is not dependent on a reduction of plasma glucose levels, and might be a direct effect on beta-cells. In addition, we show that the glucose-lowering effect of vanadium is not dependent on an increased availability of plasma or pancreatic insulin as observed in pair-fed animals, thus ruling out the notion that a reduced food intake contributes significantly to the amelioration of diabetes by vanadium. Hence, the combined effects of vanadium in eliciting normoglycemia at remarkably low insulin reserves and in preserving residual insulin stores suggests that it may prevent the progressive deterioration of beta-cells in prediabetic and newly diagnosed IDDM.
